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Explaining the origin and evolution of a vertebral column with anatomically distinct regions that characterizes the tetrapod body
plan provides understanding of how metameric structures become repeated and how they acquire the ability to perform different
functions. However, despite many decades of inquiry, the advantages and costs of vertebral column regionalization in anatomically
distinct blocks, their functional specialization, and how they channel new evolutionary outcomes are poorly understood. Here, we
investigate morphological integration (and how this integration is structured [modularity]) between all the presacral vertebrae
of mammalian carnivorans to provide a better understanding of how regionalization in metameric structures evolves. Our results
demonstrate that the subunits of the presacral column are highly integrated. However, underlying to this general pattern, three sets
of vertebrae are recognized as presacral modules—the cervical module, the anterodorsal module, and the posterodorsal module—
as well as one weakly integrated vertebra (diaphragmatic) that forms a transition between both dorsal modules. We hypothesize
that the strength of integration organizing the axial system into modules may be associated with motion capability. The highly
integrated anterior dorsal module coincides with a region with motion constraints to avoid compromising ventilation, whereas for
the posterior dorsal region motion constraints avoid exceeding extension of the posterior back. On the other hand, the weakly
integrated diaphragmatic vertebra belongs to the “Diaphragmatic joint complex”—a key region of the mammalian column of
exceedingly permissive motion. Our results also demonstrate that these modules do not match with the traditional morphological
regions, and we propose natural selection as the main factor shaping this pattern to stabilize some regions and to allow coordinate

movements in others.
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Serial homology, also known as iterative or repetitive homology,
is used to designate equivalent and serially arranged (metameric)
structures along the organism (within-individual) body axis
(Minelli and Peruffo 1991; Haszprunar 1992; Wagner 1999). Se-
rially homologous structures such as arthropod body segments,
teeth, or vertebrae are widespread in the animal kingdom, and
provide an alluring means of establishing evolutionary patterns
of historical (among-individual) homology (Van Valen 1982).
Understanding the large-scale evolutionary processes that
explain how such structures become repeated and also how they

acquire the ability to accomplish different functions has been a
central topic in evolutionary biology and comparative anatomy
since classic works of the 18th and 19th centuries. The verte-
bral column has attracted too much attention because the forma-
tive roles of somitogenesis, somatic growth, and Hox gene ex-
pression can be easily quantified from adult phenotypes (Miiller
et al. 2010). The mammalian vertebral column is especially in-
teresting because it is a highly regionalized metameric structure
differentiated into functional subunits. Prominent hypothesis pre-
dicts (i) an evolutionary trade-off between flexibility in meristic
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variation and morphological regionalization (e.g., Narita and Ku-
ratani 2005; Buchholtz 2012); (ii) cooption of existing underlying
modules for new functions (Jones et al. 2018a,b, 2020); and (iii)
the increase of evolvability and complexity in these anatomically
specialized regions (Buchholtz 2012; Jones et al. 2019).

Nevertheless, although spine evolution has been recently
studied in nonmammalian synapsids (e.g., Jones et al. 2018a,b,
2019, 2020), much is yet unknown on the advantages and costs of
vertebral column regionalization in anatomically distinct blocks,
its association with functional specialization, and how it chan-
nel new evolutionary outcomes. To this respect, studies on phe-
notypic integration (Olson and Miller 1958) between vertebrae
(covariation) and how this integration is structured (modularity)
may provide crucial insights to understand how regionalization in
metameric structures evolves. Phenotypic integration originates
from trait interactions at genetic, developmental, or functional
levels (e.g., Goswami et al. 2014; Klingenberg 2014; Martin-
Serra et al. 2015), and it provides important clues as to how
these aspects influence phenotypic macroevolution (Goswami
et al. 2014). Accordingly, phenotypic integration in the column
of mammals and other amniotes has been investigated to under-
stand how pleiotropy, developmental constraints, and functional
adaptations influence the evolution of regionalization—and func-
tional differentiation (e.g., Buchholtz 2007, 2012; Randau et al.
2017; Randau and Goswami 2017a,b; Jones et al. 2018a,b; Polly
et al. 2001; Ward and Brainerd 2007; Head and Polly 2015).

Among mammals, both Randau and Goswami (2017a) and
Jones et al. (2018b) quantified the integration among vertebrae
in the spine of felids and in the thoracolumbar region of mam-
mals, respectively. Randau and Goswami (2017a) identified a
five-modules pattern (plus a no-adjacent cervical-lumbar mod-
ule) that reflects shared developmental pathways, ossification
timing, and ecological diversification. On the other hand, Randau
and Goswami (2017a) demonstrate a pattern of increasing dis-
parity in the postdiaphragmatic region, and Randau et al. (2017)
found stronger ecological signal in the lumbar of felids. Jones
et al. (2018b) demonstrated that lumbar and diaphragmatic verte-
brae present a higher ecological signal coupled with higher dis-
parities and evolutionary rates, suggesting a link between adapta-
tion and evolvability in the lumbar region. The authors concluded
that thoracic and lumbar vertebrae form two semi-independent
modules.

Despite both studies (Randau and Goswami 2017a; Jones et
al. 2018b) found different modules, the same pattern of increas-
ing disparity, evolvability, and adaptation in postdiaphragmatic
vertebrae is evident. Although Randau and Goswami (2017a) per-
formed the study at family level with 19 vertebrae of a total of 27
presacrals, Jones et al. (2018b) conducted the study at a wider
phylogenetic scale (at class level) but restricted to five presacral
vertebrae.
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Here, we investigate phenotypic integration among all pre-
sacral vertebrae using a wide dataset with representatives of most
families that belong to the mammalian order Carnivora. Our main
goal is to investigate the modular organization of the vertebral
column in carnivores and to discuss on the possible factor(s)
shaping the pattern of integration in metameric structures. Specif-
ically, we answer the following questions: (i) Is there a pattern
of modular organization of specific subsets of vertebrae? If so,
(ii) does it match with the classical morphological regions (cer-
vical, thoracic, lumbar) or does it match with the more recently
proposed five-region (cervical, pectoral, thoracic, diaphragmatic,
lumbar) model of Jones et al. (2018b) and possibly with the ex-
tra cervical-lumbar region proposed by Randau et al. (2017)?
And finally (iii) to hypothesize on those possible factors driving
macroevolutionary patterns in metameric structures.

Methods

All presacral vertebrae of 41 species of mammalian carnivores
(Fig. 1; Table S1) were scanned in three dimensions with a med-
ical CT or using a NextEngine® surface scanner (http://www.
nextengine.com). This resulted in 1107 models of vertebrae that
were digitally processed with Meshlab (Cignoni et al. 2008).

We digitized a set of homologous landmarks (Table S2;
Fig. 2) with the software Landmark from IDAV (Wiley et al.
2005) and the raw landmark data were incorporated into geo-
morph (Adams et al. 2017).

PROCEDURES FOLLOWED FOR GROUPING
VERTEBRAE

Exploring integration analyses across the carnivoran vertebral
column in a pairwise fashion is challenging because thoracics and
lumbars are subject to homeotic variation (differences in thoracic
and lumbar counts among species but keeping constant the total
thoracolumbar count at 20 [i.e., 13T+7L, 14T+6L, 15T+5L, or
16T+4L]). We solve this problem using different procedures for
grouping vertebrae (Fig. 3).

A joined thoracolumbar count procedure
Counting cervicals and directly grouping the thoracolumbar ver-
tebrae as dorsal vertebrae. This approach allows including all
presacrals, allowing to keep adjacency among all the subunits
(Fig. 3A). However, it mixes thoracic with lumbar vertebrae at
the thoracolumbar boundary. The diaphragmatic vertebra is also
variable in position, and hence, it mixes pre- and postdiaphrag-
matics. Therefore, this procedure leads to group together verte-
brae that are not equivalent from a functional point of view across
species.

Seven datasets were created for the CO1-CO7 with a fixed
count and 20 datasets for TLO1-TL20. Therefore, the TL14,
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Figure 1. Phylogenetic tree topology used in this article (taken from Nyakatura and Bininda-Edmonds 2012).

TL15, or TL16 can be the first lumbar for some species but the
last thoracic for others (Fig. 3A).

A thoracolumbar boundary count procedure

To do not group nonhomologous vertebrae at the thoracic-
lumbar boundary that could bias integration, we counted from the
thoracic-lumbar transition 13 thoracics in cranial direction and
four lumbars in caudal direction (the maximum number of ver-
tebrae shared by all species) (Fig. 3B). The last thoracics were

joined together regardless of their position (TL13, TL14, TL15,
or TL16), as well as the first lumbars. This procedure warrants
homology among all grouped vertebrae in terms of regional mor-
phology (thoracic vs. lumbar), and on position with respect to this
regional transition. Moreover, it keeps the adjacency among ver-
tebrae. However, it is not possible to include all the vertebrae be-
cause many species have more than 13 thoracics and/or more than
four lumbars, and it still mixes together pre- and postdiaphrag-
matic vertebrae.
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Figure 2. Landmarks digitized in all the vertebra of the presacral column.
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Figure 3. Schematic visualization of the different counting methods. (A) Cervical plus joined thoracolumbar count. (B) Thoracolumbar
boundary count. (C) Diaphragmatic start count. (D) Selected vertebrae method. Square colors indicate: cervical (black), thoracic (dark
gray), and lumbar (light gray) vertebrae. For panels A and B, all the variability in the number of thoracic and lumbar vertebrae are shown.
For panel C, only the most frequent possibilities regarding diaphragmatic vertebra and thoracic-lumbar boundary positions are shown.

A diaphragmatic start count procedure

We counted from the diaphragmatic vertebra defined as the last
thoracic with vertebrosternal ribs and with pre- and postzy-
gapophyses oriented in horizontal and vertical planes, respec-
tively (Randau and Goswami 2017a) (Fig. 3C). All diaphragmatic
vertebrae are joined together regardless of their position and the
remaining vertebrae are established as pre- and postdiaphrag-
matic in cranial and caudal direction, respectively. The homology
criterion is based on the diaphragmatic vertebra and on vertebral
position. Therefore, it does not mix diaphragmatic vertebrae with
pre- and postdiaphragmatic vertebrae, and it keeps adjacency in
most vertebrae. However, the procedure still mixes thoracics with

lumbars and it does not include all the presacral vertebrae, as
the number of pre- and postdiaphragmatics vary among species
(Fig 3C).

A selected vertebrae procedure

We selected the most important vertebrae according to their po-
sition and/or morphology regardless of the number of vertebrae
between them: first thoracic, intermediate thoracic (TLO6 if the
species has 13 or 14 thoracics and TLO7 if the species has 15 or
16 thoracics), diaphragmatic, last thoracic, first lumbar, and last
lumbar (Fig. 3D). Therefore, following this procedure, homology
is based on relative position and/or key anatomical markers, and

EVOLUTION LETTERS JUNE 2021 255

85UBD |17 SUOWILWLOD 8AIIeR.D) a|edt|dde au) Aq peusenob afe sajoiLe YO ‘8sn Jo Sajn o) Arig1]8UIUO AS[IM UO (SUOTIPUOI-PUR-SWLBIL0D"AS | 1M AReig1[BU1|UO//SA1Y) SUORIPUOD PUe SWLS | 8L} 89S *[£202/TT/T2] Uo ARigiauliuo A8|1M ‘Seasloliqig 8q 01010suod-enqd AQ 1722'€A8/200T OT/I0p/wiod Ao 1M Aelq jput|uoy/:sdny wouy pepeojumod ‘s ‘T2 ‘779502



A. MARTIN-SERRA ET AL.

it does not mix thoracics with lumbars or pre- with postdiaphrag-
matic vertebrae. However, this method only allows including a
very small fraction of anteroposterior variation across the col-
umn. In addition, the comparisons are not completely equivalent
due to adjacency differences (e.g., the last thoracic and the first
lumbar are adjacent but the first and last lumbars are not, which
could bias integration patterns), and it does not take into account
the number of vertebrae between them (e.g., the number of verte-
brae between the first and the last lumbar varies among species).

PRELIMINARY ANALYSES

For each vertebral position, we performed a Procrustes alignment
accounting for bilateral symmetry (Adams et al. 2017). After-
ward, two species (Mustela putorius and Suricatta suricatta) that
were represented by two individuals were averaged. We com-
puted a phylogenetic Procrustes ANOVAs for each vertebra using
log-transformed centroid size as the independent variable. The
phylogeny included for this analysis was taken from Nyakatura
and Bininda-Emonds (2012).

INTEGRATION ANALYSES

The covariation analyses were performed from the PGLS resid-
uals for each vertebra. We used two block Partial Least Squares
(2B-PLS) analyses to explore morphological covariation between
vertebrae and we compared each vertebra with the others. These
comparisons were also performed to account for possible phylo-
genetic effects (2B-PLS,,). Given the high number of compar-
isons, we used the Benjamini-Hochberg method to avoid false
rejections of null hypothesis for each set of PGLSs (Benjamini
and Hochberg 1995).

We used the Z-score as a proxy for the strength of integra-
tion between pairs of vertebrae (Adams and Collyer 2016). To test
the hypothesized boundaries between modules, we selected one
standard comparison for each module (i.e., the maximum Z-score
between adjacent vertebrae) and its Z-score was compared with
the Z-score obtained from the comparison between pairs of ver-
tebrae at hypothesized boundaries. The location of the boundary
will be confirmed with changes from nonsignificant to significant
in the P-value obtained from such comparisons.

To visualize the covariation between vertebrae, we modeled
the shape variation accounted by the first axis of variation for
some selected PLS comparisons only for the joined thoracolum-
bar method.

All the statistical analyses were performed with geomorph
package (Adams et al. 2017) in R (R Core Team 2017).

Results

The phylogenetic Procrustes ANOVAs performed for each ver-
tebra yielded varying significant results depending on the count-
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ing approach (see Tables S3—S6), and we used the allometric-free
residuals for all the vertebrae to keep consistency among each set
of analysis.

THE JOINED THORACOLUMBAR COUNT APPROACH
Both 2B-PLS and 2B-PLS;y analyses yielded significant results
for most of the comparisons (Table S7; Fig. 4A). The nonphy-
logenetic Z-scores indicate three main regions of high integra-
tion (Table 1): (i) the cervical region, from CO1 to CO7 (be-
ing CO02 relatively independent); (ii) the anterior thoracolumbar
vertebrae, from C06-CO07 to TL09; and (iii) the posterior thora-
columbar vertebrae, from TL12 to TL20. There is also a region
of weak integration composed by TL10-TL11. The Z-scores ob-
tained from the 2B-PLS,;,y show similar results. However, there
is a general decrease of integration in the 2B-PLS,, that also re-
duces the significance of Z-scores differences, although the cer-
vicothoracic and anterior-posterior thoracic boundaries are con-
firmed (Table 1).

To provide a morphological interpretation of this pattern of
integration, we selected some pairwise comparisons to visual-
ize those shape changes associated with vertebrae covariation.
Three main types of pairwise comparisons were selected: (i) the
CO01-CO02 due to their unique morphology among cervicals; (ii)
representative between-vertebrae comparisons of integrated re-
gions (cervical, anterodorsal, and posterodorsal modules); and
(iii) comparisons between transitional vertebrae located in re-
gional boundaries (Fig. 5; Supporting Information).

THE THORACOLUMBAR BOUNDARY COUNT
APPROACH

Most of comparisons were significant (Table S8). Again, the
Z-scores indicate the presence of two integrated regions for
thoracics and lumbars, as well as a weakly integrated region
composed by T04-TO03 (starting from the last thoracic; Fig. 4B;
Table 2). The P-values confirm the hypothesized boundaries at
TO04 or TO3 (Table 2).

THE DIAPHRAGMATIC START COUNT APPROACH

Most of the 2B-PLS and 2B-PLS;,, were significant (Table S9;
Fig. 4C). They indicate the presence of two integrated regions,
anterior thoracic and posterior thoracolumbar, separated by the
diaphragmatic vertebra, which is weakly integrated. The P-values
of the 2B-PLSs confirm that the diaphragmatic vertebra does not
belong to any integrated region, but this pattern is not as evident
with the 2B-PLS,, (Fig. 4C; Table 3).

THE SELECTED VERTEBRAE APPROACH

Again, most of the 2B-PLS and 2B-PLS,, were significant
(Table S10). Moreover, there is an integrated posterior thora-
columbar region, composed by the last thoracic and the first
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Figure 4. Pairwise Z-scores (strength of integration) between vertebrae from: A, the joined thoracolumbar count; B, the thoracolumbar
boundary count; C, the diaphragmatic start count; D, the selected vertebrae approach. Upper and lower diagonals indicate nonphy-
logenetic and phylogenetic Z-scores, respectively. Cell darkness is proportional to the Z-scores obtained for each comparison (scaled

independently for each diagonal).

and last lumbars (Fig. 4D). The anterior thoracic region is
less clear than with the previous counting methods. The di-
aphragmatic vertebra has the weakest integration with its clos-
est vertebrae. The P-values indicate, at least for the 2B-PLSs,
that it does not belong to the posterior thoracolumbar region
(Table 4).

Discussion

Almost all pairwise comparisons between vertebrae were signif-
icant (Tables S7-S10), suggesting that the mammalian vertebral
column is a highly integrated structure despite its high degree of
regionalization. However, this integration is not uniformly dis-
tributed along the vertebral column.
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Table 1. P-values of the Z-scores differences between standard within-region comparisons (columns) and boundary comparisons (rows)
for the cervicals and the thoracolumbars using the joined thoracolumbar count. Bold numbers indicate significant comparisons.

Nonphylogenetic Phylogenetic
C05 C06 TLO04 TLOS TL16 TL17 C05 C06 TLO04 TLOS TL16 TL17
Atlas CO5 0.0078 0.1903
Axis C05 0.2464 0.8285
C05 C07 0.5820 0.7452
CO05 TLO1 0.0103 0.2609
CO05 TL04 0.0001 0.0725
C06 TLO4 0.0583 0.0152
C07 TLO4 0.2936 0.0592
TLO1 TLO4 0.2662 0.2343
TLO04 TLO9 0.2590 0.2794
TLO4 TL10 0.0283 0.0676
TLO04 TL11 0.0004 0.0241
TLO04 TL12 0.0016 0.0360
TLO09 TL17 0.0225 0.1639
TL10 TL17 0.0152 0.2831
TL11 TL17 0.0781 0.0301
TL12 TL17 0.4805 0.1418

Table 2. P-values of the Z-scores differences between standard
within-region comparisons (columns) and boundary comparisons
(rows) for the thoracolumbars using the thoracolumbar boundary
count. Bold numbers indicate significant comparisons.

Nonphylogenetic Phylogenetic
T11T1I0 LO2L03  TI11T10  LO2LO3
T11TO5  0.6127 0.235
T11TO4  0.044 0.0346
T11TO3  0.0002 0.0021
TI1TO2 0 0.2809
T04 LO3 0.0014 0.2635
TO03 LO3 0.0108 0.0458
T02 LO3 0.1448 0.7043
TO1 LO3 0.3611 0.7341
LO1 LO3 0.9776 0.9513

The results of the joined thoracolumbar count support three
highly integrated regions (hereafter modules; e.g., Klingenberg
and Marugéan-Lob6n 2013) in the presacral column of carnivores
(Fig. 4A): C01-CO07 (cervical), TLOI-TL09 (anterodorsal), and
TL13-TL19 (posterodorsal) and a region of weak integration
composed by TL10-TL11. This indicates that the anterodorsal
module corresponds with the prediaphragmatic vertebrae and the
posterodorsal module corresponds with the postdiaphragmatic
vertebrae. The break between the anterodorsal and posterodor-
sal regions likely occurs at/near the diaphragmatic vertebra for
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all taxa. This pattern is also present using the alternative count-
ing methods. These modules match a pre-post zygapophyseal pat-
tern, which is a widely recognized regional division in the mam-
malian column, but they do not match the classic morphological
regions—that is, cervicals, thoracics, and lumbar.

Using the thoracolumbar boundary count, both dorsal mod-
ules are separated by a set of weakly integrated vertebrae (T3—
T04) forming a transitional zone between both modules. How-
ever, using the diaphragmatic start count, it is evident that this
transitional zone is mainly composed by the diaphragmatic ver-
tebra with varying location across taxa (TL10, TL11, or TL12).
For all counting methods, this vertebra shows a weak integra-
tion with contiguous vertebrae. This pattern is not solely ex-
plained by a phylogenetic patterning, as the three highly inte-
grated modules as well as the weakly integrated diaphragmatic
vertebra are still significant with 2B-PLS,,, (Fig. 4). Despite this,
the strength of integration among pairs of vertebrae decreases
when taking phylogeny into account (e.g., Martin-Serra and
Benson 2020).

The cross-taxonomic analysis of integration performed here
may suggest that the “regions” found by Jones et al. (2018b)—
cervical, pectoral, anterior dorsal, diaphragmatic, and lumbar
regions—based on morphological patterns of individual taxa
may be formed in several ways. For example, the “pectoral” re-
gion seems to be the result of a module overlap between the
cervical and the anterodorsal regions, whereas the diaphrag-
matic “region” seems to be a gap between the anterodorsal and
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Figure 5. Shape changes associated with some selected 2B-PLS analyses between pairs of vertebrae. Three-dimensional models indicate
shape deformations of the negative (green) and positive (red) extremes of the first PLS axes for each comparison. C01 in dorsal view. C02
in lateral view. C03, C04, C06, C07, and TLO1 in dorsal and lateral views.

posterodorsal modules. Therefore, different hierarchical combi- THE CERVICAL MODULE

nations of modules/integration patterns may produce more com- The first two cervicals—that is, especially the atlas but also the
plex regionalization patterns in terms of realized morphological axis in a lower degree—are weakly integrated with other cervi-
and functional variation. cal vertebrae (Fig. 4A). The PLS models exhibit that most of the

EVOLUTION LETTERS JUNE 2021 259

85U8017 SUOWIWIOD 3A1I.1D) 8|qedl|dde aLyy Ag peusenob a1e ssjoie O ‘@SN Jo Sa|n. 1o} AreiqiauljuQ AB]1/M UO (SUONIPUOO-PUR-SLUIBIWI0D A8 | AReIq 1 BUTIUO//SANY) SUORIPUOD Pue Swie | 8y} 88S [£202/TT/Tz] uo Akiqiauljuo A8|iM ‘Sedsioljdid 8d 01010SU0D-enaD Aq ¥2z € 1/8/200T OT/I0p/Wod A8 | AreIqiuljuo//Sdny woly papeojumod ‘€ ‘TZgE ‘729502



A. MARTIN-SERRA ET AL.

Table 3. P-values of the Z-scores differences between standard within-region comparisons (columns) and boundary comparisons (rows)
for the thoracicolumbars using the diaphragmatic start count. Bold numbers indicate significant comparisons.

Nonphylogenetic Phylogenetic

PreD06 PreDO05 PosDO05 PosD06 PreD06 PreDO05 PosDO05 PosD06
PreD06 PreD02 0.7399 0.8184
PreD06 PreDO01 0.4692 0.3584
PreD06 Diaph 0.0125 0.0755
PreD06 PosDO1 0.0078 0.3221
PreD02 PosD05 0.0079 0.3768
PreDO0O1 PosDO05 0.0144 0.0773
Diaph PosD05 0.0058 0.0247
PosDO01 PosD05 0.0513 0.0982
PosD02 PosDO05 0.1481 0.4402

Table 4. P-values of the Z-scores differences between standard
within-region comparisons (columns) and boundary comparisons
(rows) for the thoracicolumbars using the selected vertebrae
method. Bold numbers indicate significant comparisons.

Non-phylogenetic Phylogenetic
Tfirst Tlast Tfirst Tlast
Tmid Lfirst Tmid Lfirst
Tmid Diaph  0.1483 0.6381
Tmid Tlast  0.7631 0.268
Diaph Tlast 0.0182 0.0908
Diaph Lfirst 0.0171 0.0502

coordinate shape changes are concentrated in the craniocaudal
length of the body and the length of the spinous process (Fig. 5).
Our results evidence a single module for almost all the cervicals,
from C02-CO03 to CO7 (Fig. 4A). However, the C06—-C07 also
belong to the “anterodorsal” module.

Our data do not support the hypothesized C03—-C05 mam-
malian developmental module of Buchholtz et al. (2012). In
contrast, our data confirm the results obtained by Randau and
Goswami (2017a) with a significant covariation between C02,
C04, and C06. The C03—CO05 developmental module could be
basal for mammals and posteriorly disrupted in carnivorans. The
main shape changes associated with this module are the same
throughout the entire cervical region, suggesting that the entire
C03-CO07 represents probably a single module.

The high integration found among cervicals could be caused
by developmental constraints, otherwise it would be more labile
and the phylogenetic patterning would be higher. The common
developmental “regionalization” of the mammalian neck results
from the common Hox code for living placentals (Buchholtz et al.
2012; Bohmer 2017). Moreover, this high integration from C02—
C07 could not be explained by the functional roles in which
these vertebrae are involved, because although the mid-cervical
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vertebrae (C03-C05) are involved in axial rotation, the anterior
and posterior cervicals do contribute to sagittal movements (Graf
et al. 1995; Arnold 2020).

Although some degree of integration is observed between
C02 and other dorsal vertebrae, especially the lumbars (e.g.,
TL16-TL20 in Fig. 4A), we have not found evidence in the pre-
sacral column of integration between the cervicals and all the tho-
racics plus lumbars, as demonstrated by Randau and Goswami
(2017a) for felids and explained for the coincidence in ossifica-
tion timing among these vertebrae. The strength of integration
of cervicals-thoracics-lumbars is high, but this integration is very
weak with the TL10-TL12 (Fig. 4A).

Both C06 and C07 are integrated with the anterodorsal mod-
ule, but C06 is more integrated with the cervicals and C07 is more
integrated with the thoracics (Fig. 4A). Moreover, the shape co-
variation between CO7 and TLO1 is different from the shape co-
variation between CO7 and other cervicals, suggesting that the
morphology of this vertebra is the result of a trade-off between
variation in the cervical module and variation in the anterodorsal
one. In any case, our data do not support a C06-T02 “pectoral”
module, as proposed by Randau and Goswami (2017a) for felids
because these two vertebrae are not more integrated within them
than with CO5 and TLO1.

THE ANTERODORSAL MODULE
This module is composed by the prediaphragmatic vertebrae
(Fig. 6), which are articulated with vertebrosternal ribs. Although
our data do not provide a direct link between vertebral motion
and integration, we hypothesize that this module may be related
to motion constraints of the thorax. The shape changes associated
with this module are very uniform and are related to the length of
the spinous process (Fig. 5).

Contrary to other amniotes, mammals were able to sepa-
rate breathing from locomotion early in their evolutionary history
(Buchholtz 2012). This was greatly facilitated by the appearance
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Cervical module

Antero-dorsal module

O
D

Postero-dorsal module
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TLO1

transitional vertebra
(diaphragmatic)

Figure 6. Summary of the modularity pattern. Darker colors indicate stronger integration. The vertebral column belongs to Panthera

leo.

of the diaphragm (Carrier 1987; Ruben et al. 1987; Perry et al.
2010). As a consequence, mammals were able to abandon costal
breathing, which depends on exceedingly lateral movements of
the axial system and the attached ribs (Carrier 1987). This prob-
ably happens as a response of enhancing the aerobic capacity
(Ruben et al. 1987) due to the greater levels of sustainable activ-
ity (Carrier 1987). Ventilation in many nonmammalian amniotes
occurs very occasionally at rest, and at a very low frequency at
maximum exercise (Perry et al. 2010). The ventilatory demands
of mammals are high, and they should keep high rates of venti-
lation when locomoting rapidly (Filler 1986; Carrier 1987). This
higher breathing efficiency is acquired by strict excursion move-
ments of the ribs coupled with the movements of the diaphragm
(Filler 1986). The rigid array of the anterior thorax is related to
prevent exceedingly bending movements of the axial system as
it collapses rib pattern excursion and compromises ventilation
(Filler 1986). This highly integrated anterodorsal module coin-
cides with the rigid array of the anterior thorax with vertebroster-
nal ribs, and we hypothesize that this highly integrated region
could be advantageous for impeding large increments of bend-
ing at each vertebra to secure respiration during locomotion and
counteract loading forces transmitted from the limbs (Schilling
and Hackert 2006). Moreover, Jones et al. (2020) using data from
cat cadavers showed that the degree of ventroflexion, lateroflex-
ion, and dorsiflexion ( = extension) is consistently reduced from
the cervicals until the diaphragmatic vertebra.

THE DIAPHRAGMATIC VERTEBRA: A KEY SUBUNIT
THAT MARKS THE TRANSITION BETWEEN MODULES
Using the joined thoracolumbar and the thoracolumbar bound-
ary counts, there is a set of three weakly integrated vertebrae
(TL9-TL12 or TO3-TO5, respectively). However, this should be
the result of the varying position of the diaphragmatic vertebra
across taxa. The diaphragmatic start count and the selected verte-

brae approaches confirm that the diaphragmatic vertebra (Fig. 6)
is the less integrated vertebra of the entire carnivoran axial system
(Fig. 4C), separating both dorsal modules.

The diaphragmatic vertebra is contained within the “Di-
aphragmatic joint complex (DJC)” of mammals (Slijper 1946;
Filler 1986), which marks the transition from thoracic to lumbar
forms across seriation. This region connects the fairly rigid ar-
ray of anterodorsal vertebrae that are stiffened by elements of the
costal articulation with the rib-less lumbar region. Filler (1986)
claimed that the motion of the axial column is concentrated from
this region of the posterior thorax to the lumbars, representing a
region with more relaxed constraints of permissive motion com-
pared to the anterior thorax. This has been recently demonstrated
in a study based on maximum range of vertebral motion of cat
cadavers (Jones et al. 2020), suggesting that ventroflexion and
dorsiflexion of the column begin to increase substantially from
the diaphragmatic vertebra (Jones et al. 2020).

The diaphragmatic vertebra is characterized by a change in
zygapophyses orientation: prezygapophyses are located on the
dorsal plane and postzygapophyses are located on the sagittal
plane (Filler 1986). This region has reduced rib articulations, and
is less constrained by the costal system, allowing ventroflexion
and lateral flexion (Filler 1986). The diaphragmatic vertebra also
reduces the neural spines, and it is followed by the presence of
anticlinality in most cases, which also increases extension (Sli-
jper 1946). However, Schilling and Hackert (2006) stated that in
small therians during asymmetrical gaits sagittal bending neither
corresponds to the trunk subdivisions (i.e., possession or lack of
ribs) nor to the number of floating ribs or the position of the
diaphragmatic vertebra. Despite this, their in vivo study found
that ““sagittal spine movements clearly occurred in the postdi-
aphragmatic region, but in none of the species was there a simple
relation to the zygapophyseal facetation” (Schilling and Hack-
ert 2006). Moreover, Oliver et al. (2016) using cadavers of the
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nine-banded armadillo (Dasypus novemcinctus) demonstrated
that the postdiaphragmatic region has a high range of motion and

low compliance.

THE POSTERODORSAL MODULE

The posterodorsal module comprises a set of highly integrated
vertebrae being the last vertebra weakly integrated with other ver-
tebrae of this module (Figs. 4A and 4D; Fig. 6). Filler (1986)
proposes that the transverse processes of the lumbar vertebrae
limit extension of the column, because the ligaments integrate
the processes and provide passive limitation against their separa-
tion from each other by engaging the horizontal septum. There-
fore, Filler (1986) concluded that the role of the lumbar vertebrae
in locomotion is to prevent the exceeding extension propagated
caudally from the vertebrae of the DJC. Jones et al. (2020) found
that the degree of dorsiflexion and ventroflexion substantially de-
creases from the thoracolumbar boundary until the LO6-L07 in-
tervertebral joint, where a substantial increase in both parame-
ters is noticed until the lumbosacral articulation where both reach
their maximum values. Wachs et al. (2016) quantified interverte-
bral motions using X-ray reconstruction of moving morphology
and scientific rotoscoping on dogs at walking and trotting gaits,
and concluded that the greatest intervertebral motions occurred at
the lumbosacral articulation or at LO6/L07 intervertebral joints.
Moreover, Wachs et al. (2016) stated that only a fraction of the
maximum mobility of the lumbosacral joint is used during loco-
motion, which could be supported with the hypothesis of Filler
(1986) that axial musculature and the transverse processes pre-
vent exceeding extension.

Other authors have demonstrated that there is a strong corre-
lation between the ecology of taxa and lumbar morphology (Ran-
dau et al. 2016; Jones et al. 2018b). Traditionally, although this
sagittal mobility has been associated with the characteristic lum-
bar region without ribs (e.g., Boszczyk et al. 2001), Schilling and
Hackert (2006) claimed that they are not perfectly correlated with
the thoracolumbar transition. In any case, this is not contradictory
with the high ecological signal found by Randau et al. (2016) for
felids and by Jones et al. (2018b) for crown mammals. Indeed,
different degrees of flexion-extension could explain the strong
ecological signal across the lumbars. This variation in motion
movements may be subject to natural selection toward specific
locomotory demands, which could increase morphological dis-
parity and evolutionary rates (Jones et al. 2018b).
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size as independent factor.

Table S5. Results of the Procrustes ANOVAs performed for each vertebra, according to the diaphragmatic start count, with log-transformed centroid size
as independent factor.

Table S6. Results of the Procrustes ANOVAs performed for the selected vertebrae method, with log-transformed centroid size as independent factor.
Table S7. Results of the significance tests of the phylogenetic and non-phylogenetic two-block PLS analyses according to the joined thoracic-lumbar
count.

Table S8. Results of the significance tests of the phylogenetic and non-phylogenetic two-block PLS analyses according to the count starting at the
thoracic-lumbar boundary.

Table S9. Results of the significance tests of the phylogenetic and non-phylogenetic two-block PLS analyses according to the count starting at the
diaphragmatic vertebra.

Table S10. Results of the significance tests of the phylogenetic and non-phylogenetic two-block PLS analyses with the selected relevant vertebrae.
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